ABSTRACT: Current convex tethering techniques for treatment of scoliosis have centered on anterior convex staples or polypropylene tethers. We hypothesized that an allograft tendon tether inserted via the costo-transverse foramen would correct an established spinal deformity. In the pilot study, six 8-week-old pigs underwent allograft tendon tethering via the costo-transverse foreman or sham to test the strength of the transplanted tendon to retard spine growth. After 4 months, spinal deformity in three planes was induced in all animals with allograft tendons. In the treatment study, the allograft tendon tether was used to treat established scoliosis in 11 8-week-old pigs (spinal deformity > 50˚). Once the deformity was observed (4 months) animals were assigned to either no treatment group or allograft tendon tether group and progression assessed by monthly radiographs. At final follow-up, coronal Cobb angle and maximum vertebral axial rotation of the treatment group was significantly smaller than the non-treatment group, whereas sagittal kyphosis of the treatment group was significantly larger than the non-treatment group. In sum, a significant correction was achieved using a unilateral allograft tendon spinal tether, suggesting that an allograft tendon tethering approach may represent a novel fusion-less procedure to correct idiopathic scoliosis. ß
Adolescent idiopathic scoliosis (AIS) is defined as scoliosis occurring in patients 10 years or older with an idiopathic (i.e., without another associated diagnosis) structural lateral curve of at least 10˚Cobb angle with vertebral rotation on a standing spinal radiograph. 1 The prevalence of AIS is 1-3% of the normal adolescent population and is more common in girls. The progression of AIS is dependent on the patient's skeletal maturity, the curve pattern, and the curve magnitude. [1] [2] [3] The current standard of care for skeletally immature patients with progressive scoliosis measuring greater than or equal to 25˚is a spinal orthosis, and those with greater than 45˚are indicated for surgical fusion. 1, 4, 5 However, surgical fusion sacrifices growth potential limits spinal flexibility, and increases the risk of degenerative spinal changes in the longterm. 2, 3, 4 In contrast, bracing merely halts progression of spinal deformity at best and is associated with patient compliance issues, which greatly compromises outcome. 1, 6 To address this dilemma and to redirect the patient's spinal growth towards correction, various convex tethering procedures have been developed as fusion-less treatments. 4, 7, 8 However, these treatments are performed via an anterior spinal approach, violating the chest cavity and potentially compromising pulmonary function. 9 To avoid those problems, we propose a posterior tethering procedure, in which a flexible tether would be passed via the costotransverse foramen along the convex side from posterior approach. The costo-transverse foramen is a space between the rib head and transverse process running from T1 to T10. 10, 11 Theoretically, this method has the advantages of not violating the chest cavity while placing the tether as close to the motion axis of the spine as possible.
To test this concept, we hypothesized that if such a tether induced scoliosis in a straight spine, then the same tether would also correct an established spinal deformity. In these studies, tethering during growth endeavored to alter spinal morphology in the coronal and sagittal planes, and then tethering of an established deformity would result in a significant reduction in Cobb angle.
MATERIALS AND METHODS

Procurement and Preparation of Allograft Pig Tendon
All animal procedures were approved by and performed in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at the University of Arkansas for Medical Sciences. Thirty (30) porcine extensor hallucis as well as flexor digitorum longus and gastrocnemius tendons were obtained from 6-month-old domestic Yorkshire pigs within 6 h post-mortem. The tendons were harvested under sterilized condition, and the soft tissues around the tendons were removed, then the tendons were immersed in 70% ethanol for 24 h, which were followed by sterilized packing and storage in a deep freezing refrigerator (À80˚) for at least 1 month. [12] [13] [14] [15] Before implantation, tendons were thawed and immersed in sterilized saline for 30 min intra-operatively.
Pilot Study
This University of Arkansas for Medical Sciences IACUC approved study used six 8-week-old castrated Yorkshire domestic pigs. After a 1-week acclimatization period in an accredited animal housing facility, the surgical tethering of the spine was performed to induce spinal deformity, using allograft porcine tendons as described above.
Surgical Procedures
Sedation was achieved by means of an intramuscular injection of a combination of ketamine (25 mg/kg), xylazine (2 mg/kg), and telazol (2 mg/kg) and anesthesia were maintained with volatilized isoflurane (1.5-2.5%). Once sedated, the animals were shaved and weighed and dorsal-ventral and lateral radiographs of the spine taken. Spinal length measurements were made from the base of the skull to the base of the tail. The animal was then placed prone and prepared and draped in a sterile fashion. A midline incision from T4 to T12 levels allowed exposure of the spinous process. Deep dissection at the superior and inferior limits of the midline incision gained access to the deep spinal elements on the right. The facet joints were left intact and the tip of the transverse process and costo-transverse ligaments identified (Fig. 1A) . Right angle hemostatic clamps were then used to probe and dilate the costo-transverse foramen from T6 to T10.
Control Group
The incision was left open for 60 min-the time necessary to place the tether and anchors in the tethered groups (Fig. 1B) . Tethered group (four animals): The prepared allograft tendon was guided through the foramens (from T6 to T10), and tied to two 5.5 Â 14.7 mm anchors (Arthrex, Inc., Naples, FL) which were inserted superiorly (T6) and inferiorly (T10) in the pedicles. Wound closure used multilayer absorbable sutures followed by skin sutures. Post-operatively, analgesics (2 mg/kg of buprenorphine) were administered intramuscularly once a day for 3 days post-operatively. All animals received antibiotics pre-operatively (3.5 mg/kg of cefazolin intravenously) and post-operatively (3 mg/kg of ceftiofur intramuscularly twice a day for 3 days). No post-operative immobilization was utilized. Posterior-anterior and lateral radiographs of the thoracic spine were taken immediately after surgery. Postoperatively, monthly posterior-anterior and lateral radiographs were acquired during the observation period to assess curve progression. Animals were sedated before radiographic acquisition to ensure standardized imaging. The spines were harvested at four months post op after standard and IACUC approved euthanasia.
Computed Tomography Analysis
Computed tomography (CT) scans of the entire harvested spine at autopsy were performed on at 1 mm interval with a spiral CT scanner (Philips medical systems, PC Best, Netherlands). The images were stored as the DICOM format, which were transferred to a 3D work station for analysis. The post-scanning process included sagittal and coronal reformatted images and 3D reconstruction. CT analysis was done with a focus on coronal and sagittal Cobb angle and axial vertebral rotation assessed using the RAsag method of. 16 This measurement was performed from T4 to T12 of the extracted spine to obtain the global and maximal vertebral axial rotation. A positive rotation was assigned to spines with rotation toward the curve convexity with T4 was defined as the neural vertebra.
Treatment Study
Eleven 9-week-old castrated Yorkshire domestic pigs were included in the IACUC approved treatment study. First, a scoliotic deformity representative of adolescent idiopathic scoliosis was induced in all animals by unilateral posterior ligament tethering of the spine via pedicle screw fixation, and ipsilateral ribcage tethering, as described by Schwab et al. 17 Progressive deformity was documented with bi-weekly radiographs. Once animals demonstrated a coronal spinal deformity greater than 50˚, a second surgery were performed to detach the posterior and rib tethering ligament from the implanted instrumentation and an allograft tendon tether inserted via the costo-transverse foramen inserted on the convexity to correct the established spinal deformity.
Surgical Procedures
The animals were placed in the prone position and prepared and draped in a sterile fashion. Incisions over the old scar were made to expose the T4 to L2 vertebrae and the fixation points of spinal tethers at T4, T5, L1, and L2. Spinal tethers were removed by taking out the screw caps, but the pedicle screws were left in place as landmarks. Afterwards, dissections of para-spinal muscles on the right from T5 to L1 vertebra were made to expose the tip of the transverse processes. Surgery proceeded according to randomized assignment to the no treatment group, or tethering treatment group.
In the no treatment group, the incisions were left open for 90 min-the estimated time necessary to place tether and anchors in the treatment group. In the tethering treatment group, the ligaments of the transverse process-costal facet were identified without injuring the adjacent spinal facet joints. The foramen beneath the transverse process, medial to the transverse costal facet and dorsal to the rib head were prepared by right angle clamps and suture passers. The allograft tendon was then passed through the foramen from T7 to the L1 pedicle along the convex side of the curve and fixed with suture anchors (5 Â 15 mm 2 ) inserted superiorly (T7) and inferiorly (L1). Wound closure and postoperative analgesics were performed as described and post-operative, monthly AP and lateral radiographs were obtained under sedation.
Definition of the Anatomical Landmarks
To describe the curve progression and therapeutic effects more precisely in the treatment study, several landmarks were picked and measurements were done between those different levels: T7 and L1 (the most superior and inferior vertebra with tendon tether), T8 and T12 (the most superior and inferior vertebra with rib tether), and T13 (the vertebra between rib tether and tendon tether). CT analysis was performed as described above in both T7-L1 and T8-T12 levels, respectively, with T4 defined as the neutral vertebra in all animals, thus the rotation of T4 was considered zero.
Wedging Changes of the Vertebral Body
Wedging changes at T7, T13, L1, and apex were measured via the three dimensional CT reconstruction. Wedging changes were defined by the Cobb angle between the superior and inferior endplates, which were measured on the most middle slice in coronal plane. 19 The wedging angle was negative if the vertebra wedged toward the convex side, namely when the height of right side was lower than that of the left side.
Statistical Analysis
A Shapiro-Wilk's test was used to test for normality. After confirmation of a normal distribution, a Student's t-test or paired t-test was used to determine the differences between parameters measured in the two groups using performed using SAS version 9.1 statistical software (SAS Institute, NC). p < 0.05 was considered significant and is reported as such.
RESULTS
Pilot Study
All six animals survived the surgery and were observed for 16 weeks post-operatively. The mean progression in weight was 23.1 AE 1.71 to 110 AE 1.65 kg, and length 53.1 AE 8.6 to 108.7 AE 1.6 cm. There was no significant difference between control and tether group in pre-and post-operation weight or length (data not shown).
Sixteen weeks after surgery, both the control and tethered group showed curve progression (Fig. 2) . In the tethered group ( Fig. 2A and B) , both the coronal and sagittal Cobb angle increased significantly (0 vs. 24.7˚AE 2.02˚coronal, p ¼ 0.001 and 11.25˚AE 2.83˚vs. 26.6˚AE 2.25˚sagittal, p ¼ 0.005) ( Table 1) . As expected, in the control group ( Fig. 2C and D) , neither the sagittal or coronal Cobb angle detected was significantly different (11.5˚AE 4.52˚vs. 17.2˚AE 1.48˚sagittal, p ¼ 0.432 and 0 vs. 1.8˚AE 0.42˚coronal, p ¼ 0.126). Inter-group comparison between the control and tethered groups showed no pre-operative difference in either coronal or sagittal Cobb angles (p ¼ 1 and 0.927, respectively), but Cobb angles on both planes of the tethered group were significantly larger than those of the control group 16 weeks post-operatively (p ¼ 0.01 and 0.026, respectively). The curve measurements from the CT study (Fig. 3) confirmed those from plain film radiographs. The apex levels of the tethered group were T7 (two animals) and T9 (two animals). In the tethered group, there was an increase in vertebral rotation towards the coronal apex of the deformity mimicking the pattern in humans (Fig. 3B and C) . There was no detected vertebral rotation in the control group (Fig. 3D) . The mean maximal rotation in the tethered group was 10.5˚AE 4.52˚. The most rotated vertebra was one or two levels inferior to the coronal apex in the tethered group (Fig. 3A) .
Tethered Treatment Study
All 11 animals survived the first surgery for the establishment of scoliosis as described by Schwab et al. 17 . There was a mean of 8.2 AE 0.84 vertebra within the instrumented levels and all animals were observed for a mean of 6 weeks before the second surgery of scoliosis treatment. All 11 animals survived the second surgery, nine (four no treatment, five treatment) survived until the primary endpoint of the study was achieved. Two animals were euthanized; one due to post-operative paraplegia and one due to infection. Necropsy revealed a significant intra-spinal hematoma and cord contusion between T6 and T12 levels. 
Establishment of Scoliosis Model
After the first surgery, a modest spinal deformity on both the coronal and sagittal planes was confirmed as created by the initial surgery as expected. [17] [18] [19] Prior to the second surgery, a significant spinal deformity was established on both the coronal and sagittal planes (Fig. 4C and G) . Following 3D CT reconstruction, the apex of the coronal deformity was identified as T9 to T10 (seven animals) and T10 to T11 (two animals).
Curve Progression and Correction After Tether Treatment Surgery
Measurements Between T7 and L1 Before the tether treatment surgery, the induced spinal deformity of the animals were not significantly different in either plane (p ¼ 0.84 and 0.803, respectively) (Table 2 ). However, 12 weeks after the second surgery, the coronal curve of the treatment group was significantly decreased compared with their individual pre-operative measurements. In addition, 
The data in Table 1 are demonstrated in Figures 1 and 2 . "Pre-OP" refers to before the tethering (scoliosis induction) or control surgery; "Post-OP" means initially after the surgery; "Post-OP 1st M, Post-OP 2nd M, Post-OP 3rd M, Post-OP 4th M" refer to 1 month, 2 months, 3 months, and 4 months after the surgery. p Ã is the value of intra-group comparison of control group between "Pre-OP" and "Post-OP 4th M." p ÃÃ is the value of intra-group comparison of tethered group between "Pre-OP" and "Post-OP 4th M." p ÃÃÃ is the value of inter-group comparison between control and tethered group for "Pre-OP" and "Post-OP 4th M" measurements. the average curve magnitude in the sagittal plane was significantly greater than the pre-operative measurements, indicating that curve progression was impeded by the tendon tether. In contrast, the no treatment group did not show any significant correction on either plane (Fig. 5) . According to the initial report of this technique, the maximum curve created by the concavity tether method was 50-55˚with maintenance around this magnitude. The average magnitude of the coronal curve of the treatment group was significantly less than that of no treatment group, and the average magnitude of the sagittal curve of treatment group was significantly larger than that of none treatment group (Fig. 6) . With regard to the axial vertebral rotation, both the mean global rotation (9.12˚AE 3.84˚vs. 20.52˚AE 3.75˚, p ¼ 0.003) and mean maximal rotation (22.26˚AE 3.3v s. 34.73˚AE 4.87˚, p ¼ 0.001) of treatment group were significantly smaller than that of none treatment group (Fig. 6) . In both groups, the most rotated vertebral level was one level inferior to the coronal apex.
Measurements Between T8 and T12
Before the treatment surgery, the spinal deformities of both groups were not significantly different. Twelve weeks after the treatment surgery, the treatment group kyphosis was significantly larger than that of pre-treatment, but the scoliosis had not changed significantly (Table 3 ). In the no treatment group, curves in either plane were not significantly different. Furthermore, the average curve magnitude of the treatment group kyphosis was significantly larger than that of the no treatment group. The scoliotic magnitude of both groups, were not significantly different from each other. Axial plane vertebral rotation was significantly less in the treatment group (8.5˚AE 0.87˚vs. 23.93˚AE 2.04˚, p ¼ 0.003).
Intra-group Comparison Between T7-L1 and T8-T12 Measurements
Before the treatment surgery, in both treatment and none treatment group, there was no significant difference between the T7-L1 and T8-T12 measurements on either planes (p ¼ 0.665 and 0.338, Table 3 ). Twelve weeks after the treatment surgery, in treatment group, the coronal curve magnitude of T7-L1 was significantly less than that of T8-T12 (p ¼ 0.001), the sagittal curve magnitude of T7-L1 was significantly larger than that of T8-T12 (p ¼ 0.000). However, the mean global and mean maximal rotation of T7-L1were not significantly different from T8-T12 (p ¼ 0.691 and 1). In contrast, in the no treatment group, the T7-L1 measurements were not significantly different than those of T8-T12 on either the coronal or sagittal planes (p ¼ 0.073 and 0.226), but the mean axial rotation between T8 and T12 was significantly larger than that of T7 and L1 (p ¼ 0.047).
Dysplastic vertebral wedging was noted in the end vertebrae (T7, T13, and L1) in the treatment group in The data in Table 2 are demonstrated in Figures 3-5 . "Pre-1st OP" refers to before the first surgery (scoliosis induction surgery); "Initially post-1st OP" means immediately after the first surgery; "Pre-2nd OP" and "Post-2nd OP" means immediately before and immediately after the second surgery (treatment surgery); "1M post-2nd OP," "2M post-2nd OP," and "3M post-2nd OP" refer to 1 month, 2 months, and 3 months after the second surgery. p Ã is the value of intra-group comparison of treatment group between "Pre-1st OP" and "Initially post-1st OP," "Pre-1st OP," and "Pre-2nd OP," "pre-2nd OP" and "post-2nd OP," "Post-2nd OP," and "3M post-2nd OP." p ÃÃ is the value of intra-group comparison of none treatment group between "Pre-1st OP" and "Initially post-1st OP," "Pre-1st OP," and "Pre-2nd OP," "Pre-2nd OP," and "post-2nd OP," "Post-2nd OP," and "3M post-2nd OP." p ÃÃÃ is the value of inter-group comparison between treatment and no-treatment group for all measurements. the opposite direction produced at the apex by the scoliosis model.
DISCUSSION
Recently, there has been an increasing interest in convex tethering procedure in treating AIS as a fusionless treatment. 2, 4 Indeed, several studies have described the feasibility and efficacy of such techniques. 4, 5, 7, 8, 20, 21 However, all these tethering procedures are based on an anterior approach placed through the chest cavity, compromising lung function and increasing surgical risk. 9, 22 With this in mind, we propose this posterior convex tethering procedure as an alternative for the treatment of AIS (Fig. 1) .
In the pilot study, using an implanted allograft tendon tether inserted via the costo-transverse foramen through five thoracic levels, spinal deformity was induced in three planes in immature porcine models after 16 weeks of implantation. The significant spinal deformity that developed in the tethered group confirmed our original hypothesis that this posterior tethering procedure was able to generate sufficient force to create scoliosis in a straight spine.
In the subsequent treatment study, 8 weeks after an initial surgery to induce scoliosis, all the pigs developed identical spinal deformity on three planes. 17, 19 In the treatment surgery for this group, all the spinal and rib tethers were removed and the animals randomized into either treatment or no treatment groups. Interestingly, intra-operatively during the second surgery, significant rib fusion and heterotopic bone formation were observed at the site of the previous concave rib tethering, which extended from T8 to T12 levels. 17, 19 The vertebral segments within this range (T8-T12) were extremely rigid with little flexibility on testing, even after removal of the polyethylene tether. We speculated that this bony fusion would compromise the potential correction by our convex tethering technique. Therefore, deformity changes were monitored by measuring from both the levels within the concave rib fusion (T8-T12) and the levels within the instrumented tether (T7-L1), which were one level above and two levels below the rib fusion. As demonstrated, either preoperatively or 3 months post-operatively from the second surgery, there were no significant difference between the treatment and no treatment group in T8-T12 coronal Cobb angle measurement. However, the sagittal and axial deformity within the rib fusion levels was significantly different between the two groups. This indicated the rib fusion had prevented spinal curve correction on the coronal plane but not in the sagittal or axial plane. As for the deformity changes between the instrumented levels, corrections from coronal and axial planes were seen in the tether treatment group, and the magnitude of the deformity reduction was significantly different from that of the control Figure 6 . The reformatted CT images show wedging changes of different segments, which are indicated by the red lines. There is no significant difference between the no treatment group (Control) (A) and treatment group (D) in the wedging changes of the apex segments. Significant changes are found between the no treatment (Control) group (B, C) and treatment group (E, F) in wedging changes of T7, T13, and L1. In the treatment group (E, F), the T7, T13, and L1 wedged toward the right side, which is the convexity of the curve. In the no treatment (Control) group, the T7, T13, and L1 did not show any significant wedging changes toward the convexity. "R," Right side.
SCOLIOSIS INDUCED BY ALLOGRAFT TETHER
group. In the sagittal plane, however, the tethering procedure tended to induce kyphosis, which was also apparent in the pilot study. This effect could be very helpful in correcting hypo-kyphosis which is typically encountered in idiopathic scoliosis. In contrast, the no treatment group developed significant and stable idiopathic-like scoliosis (coronal scoliosis, sagittal hypokyphosis, and axial rotational deformity).
The distinct spinal deformity that developed in the two groups supports the concept that the convex tethering procedure is able to correct established idiopathic-like scoliosis. In addition, since the wedging changes of the vertebrae both within (T8, T12) and out of the rib fusion (T7, T13, and L1) were measured, as well as the apex segments we were able to determine the effects of the tether in spine regions outside the region of rib fusion. The two vertebral tethering anchors (T7 and L1) in fact showed evidence of reversal of the coronal wedging changes (Fig. 5B, C, E, and F) . However, in the no treatment group uniform wedging patterns were observed across the apex. Thus, the disparity of the coronal curve measurements may be explained, at least in part, by the different wedging patterns of the end vertebrae. In addition, it is also possible that the significant reverse wedging changes seen in the treatment group are induced by the tension of the allograft tethering, since the convex side allograft tether was unable to overcome the bony fusion of the concave side. The tension effects were more pronounced in the two instrumented end vertebra which were out of the rib fusion levels.
Historically, several investigators 17, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] have investigated the feasibility of fusion-less surgery in treating immature idiopathic scoliosis, yet only a few studies actually tested the correction power using large animal models. 19, 24, 26, 27 Recently, a porcine model which induces a moderate spinal curve by posterior spinal and concave rib tethering was developed. 17, 19 This model reproduced the pathological changes of idiopathic scoliosis on three planes and was able to progress to approximately 50˚in the coronal plane after the tether had been released. 17, 19 We used this model to test our novel posterior allograft tendon tethering procedure.
With regard to the establishment of scoliosis and natural progression, our results agreed with the previous studies. [17] [18] [19] However, the rib fusion mass of the concave side resulted in a rigid spinal deformity similar to that encountered in congenital scoliosis; this fact compromised the tether correction in the scoliotic plane. Similar effects were also reported in the latest treatment study 18 of the same animal model, in which the curves within the fusion mass were very stiff. This limitation helps to explain the limited correction obtained in this study. Indeed, the tendon tether method was not designed to treat this rigid scoliosis, but for more flexible curves such as that inherent in idiopathic scoliosis. Despite this limitation, our tendon tethering method still achieved significant sagittal and axial correction even though the curve was stiff, demonstrating the treatment efficacy of the tethering method in flexible scoliosis. The data in Table 3 are demonstrated in Figures 3-5 . "Pre-1st OP" refers to before the first surgery (scoliosis induction surgery); "Initially post-1st OP" means initially after the first surgery; "Pre-2nd OP" and "Post-2nd OP" before and initially after the second surgery (treatment surgery); "1M post-2nd OP," "2M post-2nd OP" and "3M post-2nd OP" refer to 1 month, 2 months, and 3 months after the second surgery. p Ã is the value of intra-group comparison of treatment group between "Pre-1st OP" and "Initially post-1st OP," "Pre-1st OP" and "Pre-2nd OP," "pre-2nd OP" and "post-2nd OP," "Post-2nd OP," and "3M post-2nd OP." p ÃÃ is the value of intra-group comparison of none treatment group between "Pre-1st OP" and "Initially post-1st OP," "Pre-1st OP," and "Pre-2nd OP," "pre-2nd OP" and "post-2nd OP," "Post-2nd OP," and "3M post-2nd OP." p ÃÃÃ is the value of inter-group comparison between treatment and no-treatment group for all measurements. To our knowledge, the data presented here are the first to propose and use posterior allograft tendon tethering via the costo-transverse foreman to treat an established scoliosis in an immature porcine model. However, as with all in vivo studies several limitations exist. First, the previously unreported formation of rib fusion of the concave side interfered with the correction outcome, 17, 19 albeit the development of a scoliosis model without fusion was a goal we hoped to pursue. Second, the follow-up period was relatively short due to the rapid growth of the animal; third, the number of animals was relatively small. However, the data presented here demonstrate the efficacy of a convex allograft tether via the costo-transverse foramen for the correction of an established idiopathic scoliosis on three planes. Further investigation of this treatment modality is clearly warranted and ongoing in our laboratory. 
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